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ABSTRACT
Despite increasing efforts to use renewable electricity generation techniques in the last
couple of decades, the world is still heavily reliant on traditional power generation techniques.
This creates the need to make such systems cheaper and less pollutant through improvements to
their efficiency. Increasing the efficiency and reliability of energy conversion systems, specially
those based on combustion processes has been of interest for many years. However, material
limitations have brought these systems to a stagnant condition.
A novel approach to help increase the efficiency of such systems is to closely monitor their
operating conditions and therefore be able to increase their efficiency through real-time active
control of the energy conversion parameters such as pressure and temperature. To achieve this
active monitoring, multiple wireless sensors need to be introduced to the system. However, the
introduction of wireless sensing solutions is limited due to the electronic components inside of
them, as well as the inability to power them.
The work presented in this dissertation is focused on alleviating this powering challenge in
the wireless sensing system. The use of the piezoelectric and pyroelectric effect from ferroelectric
materials as a source to power these sensors is presented. This is achieved though mechanical and
thermal energy harvesting. The energy harvesting capabilities of commercially available and
additively manufactured ferroelectric ceramics is characterized and reported in this work.
Thermal energy harvesting at different temperatures, as well as simultaneous multi-stimuli
thermal-mechanical energy harvesting was characterized. Ideal loading levels and operating
conditions for energy harvesting of the presented ceramics are determined. Additionally,
ferroelectric ceramics were fabricated using two different additive manufacturing techniques. The
impact of the additive manufacturing process in the functional properties of the ferroelectric
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ceramics was characterized. Also, energy harvesting capabilities of additively manufactured
ceramics with different geometries is reported. Finally, new research projects based on the findings
reported in this work are discussed.
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CHAPTER 1: INTRODUCTION
1.1 RESEARCH MOTIVATION
As our energy consumption grows every year and our environment deteriorates due to
emissions derived from the conversion of this energy, “green” solutions for these challenges have
emerged. Among these green solutions we can find electricity being generated from renewable
sources such as photovoltaic cells or wind turbines, as well as nuclear and hydro-powered
generators. The use of these alternative energy sources has been steadily increased in recent years
and is expected to take over 50% of the energy market by 2050 (U.S. Energy Information
Administration 2020). Despite this increase in use of cleaner energy sources, combustion-based
energy conversion systems will still be present and dominating the energy sector for the next 30
years. To mitigate the environmental impact that combustion-based energy conversion systems
have, multiple different approaches to lower their emissions have been implemented in the past.
A number of approaches to minimize emissions have been utilized in the past including
catalytic converters, exhaust gas recirculation, carbon capture, as well as regenerative heating
(Tripathi and Silvestri 2012; Abd-Alla 2002). Another approach that can be taken to minimize
emissions is to increase the overall efficiency of combustion-based power generation (Persinger
1982). The main limitation to achieve higher efficiencies in these systems are the operating
temperatures. Higher operating temperatures will lead to higher efficiencies. However, operating
temperatures are limited by the materials that are utilized in turbines and compressors (Meetham
1991). While these materials usually have the capabilities to operate at 1200 ℃, they are
commonly operated at much lower temperatures due to poor sensing capabilities in the “hot” spots
of the process. Therefore, real-time sensing of the operating conditions in these systems is crucial
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to increase the overall operating temperatures and therefore positively impact the efficiency of the
thermodynamic process (Docquier and Candel 2002; Zhao et al. 2018).

Figure 1.1. Projected energy generation from multiple sources, based on (U.S. Energy
Information Administration 2020).
Different sensing solutions have been implemented in the past. Thermocouples are the
most widely used temperature-sensing technique. However, they are not the ultimate solution as
they degrade rather quickly and require continuous replacement programs to ensure their reliable
operation (Alag and Morjaria 2002). This replacement process usually leads to down-times in the
power plant, which does not only impact the overall output from the plant, but it also lowers the
2

expected life of the components as a result of thermal cycling. Another solution that has been
proposed is the use of wireless sensors located in hard-to-reach areas (Lee, Morimoto, and Suzuki
2017). However, this solution introduces two new problems: first, the electronic components
(batteries and others) in these sensing systems will quickly degrade under the operating conditions
in the turbine system; second, even if the sensor system is able to survive these operating
conditions, the batteries must also be replaced (Lin et al. 2016). These two factors would
contribute to the need to periodically replace or recondition the sensing systems, leading to similar
drawbacks as those observed from the use of thermocouples. Therefore, a sensing system that can
be reliably utilized under these conditions with minimal maintenance or replacement is required
to improve the efficiency in combustion-based energy conversion systems.
An approach presented in recent years is the use of materials with piezoelectric properties
to be used as the energy source for such sensing systems (Ottman et al. 2002). Although an
attractive proposition, the properties of these energy harvesting materials at the operating
conditions of these systems have not been fully characterized. A need to understand the
performance of these materials as potential solutions to this energy challenge is still present.
Environmental factors such as changes in temperature, as well as the multi-stimuli nature of the
targeted energy conversion systems have the potential to greatly influence the performance of these
ferroelectric energy harvesting solutions and must be fully understood before implementation to
real-world energy conversion systems where failures of even such small systems may prove
terribly expensive.
Characterization of the energy harvesting capabilities and piezoelectric properties of
additively manufactured functional ceramics is presented in this dissertation. Thermal and thermalmechanical response of commercial piezoelectric ceramics was characterized to provide with the
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necessary benchmarks for the performance of the fabricated ceramics. The effect of the fabrication
parameters, and post-processing conditions in the functional properties of the manufactured
ceramics was studied. Finally, guidelines and considerations for the fabrication of such ceramics
are presented, as well as potential research directions for related projects.
1.2 RESEARCH OBJECTIVES
The goal of this research work was to assess the applicability of additively manufactured
piezoelectric ceramics as energy harvesters and sensors in energy applications. While piezoelectric
ceramics have been used for energy harvesting and sensing applications in the past, their
performance in environments where multiple inputs are simultaneously applied is not fully
understood. These testing conditions will be explored as energy conversion systems operate in a
cycling manner where both pressure and temperature are constantly varying. Additionally, additive
manufacturing of piezoelectric ceramics is not a topic that has not been fully explored. Therefore,
the impact that the fabrication process and post-processing conditions have on the performance of
the fabricated piezoelectric ceramics must be explored. The objectives of this research work are
the following:
1. Pyroelectric characterization and energy harvesting at different temperatures of
commercially available piezoelectric ceramics.
2. Energy harvesting characterization of commercial piezoelectric under simultaneous
multi-load conditions.
3. Fabrication of piezoelectric ceramics using binder jetting additive manufacturing.
4. Study influence of fabrication and post-processing on piezoelectric properties of
the additively fabricated ceramics.
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1.3 LITERATURE REVIEW
1.3.1 FUNCTIONAL CERAMICS
Ceramics are a class of materials commonly used in applications where harsh environments
are present. This is due to the high chemical and thermal stability inherent to ceramics, as well as
their high mechanical moduli. A special class within the ceramic materials are functional ceramics.
Functional ceramics commonly exhibit unique properties in different regimes, including the
biological, electrical, electrochemical, magnetic, or other domains. Within functional ceramics,
those with ferroelectric properties are the most used for multiple applications.
1.3.1.1 FERROELECTRIC CERAMICS
Ferroelectric materials are those that have a remnant spontaneous polarization that is
reversible as a result of applied external electric fields. This means that ferroelectric materials have
a level of polarization even when electric fields are not being applied, contrasting to the
polarization characteristic of non-ferroelectric materials. This non-zero polarization is a result of
the non-centrosymmetric crystalline structure that these materials have. This non-symmetric
crystalline structure can be observed in figure 1.2.
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Figure 1.2. Crystal structure of common ferroelectric material at different temperatures.
(Commons 2010)
The ability to polarize and retain its polarization is a result of the mobility of the metal ion
at the center of the crystal structure. However, this mobility is limited, which leads to a non-linear
relationship between the applied electrical field (E) and the polarization (P) in the material. As
shown in figure 1.3, which depicts the P-E loop of a common ferroelectric material. In this P-E
loop we can see that a maximum polarization level will be reached even if higher electric fields
are applied.
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Figure 1.3. Model hysteresis loop of ferroelectric materials. (Yougui Liao n.d.)
The application of electrical fields to induce strong remnant polarization in ferroelectric
ceramics is commonly referred to as poling. Common practices to achieve an effective poling in
ferroelectric ceramics include the application of high DC electrical fields at elevated temperatures
for long periods of time. The application of elevated temperatures has the effect of facilitating the
ion mobility and therefore enhancing the poling process. The poling process is crucial to achieve
macroscopic polarization of polycrystalline ferroelectric ceramics, and therefore be able to obtain
piezoelectric and pyroelectric effects from them. A schematic of the described dipole reorientation
is shown in figure 1.4.
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Figure 1.4. Evolution of dipole orientation as a result of poling process. (PI n.d.)
1.3.1.1.1 PIEZOELECTRIC EFFECT
The piezoelectric effect is that in which an electrical signal is generated as a result of
mechanical loads applied to a material. The electrical signal generated is commonly characterized
as charge displacement and voltage, while the usually applied mechanical loads are strains and
vibrations. The relation between the charge displacement and mechanical strain applied are
described in the following equations (Yang 2018):
{𝑆} = [𝑠 𝐸 ]{𝑇} + [𝑑 𝑇 ]{𝐸}
{𝐷} = [𝑑]{𝑇} + [𝜀 𝑇 ]{𝐸}
Where d is the matrix of the piezoelectric charge coefficient, dt is matrix of the converse
piezoelectric effect charge coefficient, E is the applied electric field, T is the applied stress field.
It is important to note that the d coefficient is a material property and will be different for different
piezoelectric materials.
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Thanks to this relationship between mechanical loads and electrical signals, piezoelectric
materials are widely used as strain sensors, as well as actuators in multiple applications. Such as
ultrasonic transducers, structural health monitoring and as hydrophones. Another application for
piezoelectric explored in recent years is energy harvesting to power small electronics. This
application will be discussed in detail in the next section.

1.3.1.1.2 PYROELECTRIC EFFECT
In addition to exhibiting piezoelectric properties, ferroelectric ceramics also exhibit a
pyroelectric effect. The pyroelectric effect is that in a material subject to changes in temperature
over time will generate an electrical current. The pyroelectric effect is derived from two
phenomena: thermal vibrations, and mechanical deformations. First, the metallic ion at the center
of the ferroelectric structure will change its position with respect to the crystal at different
temperatures in an effort to maintain its energy state. Second, the mechanical deformations in the
crystal due to thermal expansion will induce a piezoelectric effect that contributes to the overall
pyroelectric response (Lang 2005). The pyroelectric effect can be defined using the following
equation (Whatmore 1986):
𝑑𝑄
𝑑𝑇
= 𝑖 = −𝑝𝐴
𝑑𝑡
𝑑𝑡
Where dQ/dt is the charge movement over time, i is current, p is the pyroelectric
coefficient, A is the electroded area of the pyroelectric material, and dT/dt is the change of
temperature in the material over time. Similarly, to the piezoelectric coupling coefficient, the
pyroelectric coefficient is characteristic of the individual ferroelectric material.
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The pyroelectric effect has been used for different thermal sensing devices, such as
infrared sensors. These sensing capabilities are achieved by simple manipulation of the
pyroelectric effect equation as shown below (Sarker et al. 2018):
𝑡𝑓

𝑡𝑓

𝑇𝑓

𝑑𝑇
𝑄 = ∫ 𝑖𝑑𝑡 = ∫ −𝑝𝐴
𝑑𝑡 = ∫ −𝑝𝐴𝑑𝑇 = −𝑝𝐴(𝑇𝑓 − 𝑇𝑖 )
𝑑𝑡
𝑡𝑖

𝑡𝑖

𝑇𝑖

𝑡𝑓

1
𝑇𝑓 = −
∫ 𝑖𝑑𝑡 − 𝑇𝑖
𝑝𝐴
𝑡𝑖

Where the f subscript stands for the final condition of the parameter and the i subscript for
the initial condition of the variable. This correlation between the charge generated by the
pyroelectric material and the absolute change in temperature, makes pyroelectric materials
excellent candidates for temperature sensing applications. Pyroelectric materials have also been
explored in the past as temperature sensors for high temperature applications (Sarker et al. 2018).
In addition to these sensing applications, thermal energy harvesting using pyroelectric materials
has become a topic of interest in recent years.

1.3.2 ENERGY HARVESTING
Energy harvesting is, in general terms, the usage and conversion of energy readily available
in the environment and commonly considered waste into something usable. This term has most
commonly been used to refer to scavenging of energy for low-power applications (Harb 2011).
However, the most tangible example of energy harvesting are solar cells and wind turbines. Other
examples of energy harvesting include triboelectric energy harvesting, which used friction to
create and capture electrostatic charges; thermoelectric energy harvesting, dependent on gradients
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of temperatures across a material, and commonly found in space applications; and those found in
ferroelectric materials.

1.3.2.1 PIEZOELECTRIC AND PYROELECTRIC ENERGY HARVESTING
Piezoelectric materials have been used explored as energy harvesters in the past using
common vibration sources such as walking, as well as machine and road vibrations (Sodano,
Inman, and Park 2005; Erturk and Inman 2011). Energy harvesting from piezoelectric materials
would not be practical in a small scale due to the small energy outputted in each loading cycle.
Therefore, piezoelectric energy harvesters are commonly connected to an energy storage device,
such as a battery, and the energy converted can later be utilized. Similarly, pyroelectric energy
harvesting efforts also commonly store the electrical energy generated by the ferroelectric material
to be subsequently used in the desired application (Xie et al. 2010a; Khodayari et al. 2009). The
most common application for both energy harvesting solutions is in the micro-electro-mechanical
systems (MEMS) sensors area (Saadon and Sidek 2011). MEMS are usually sensing systems with
components in the micrometer range. These have the function to detect environment and operating
conditions in large systems as common as cameras, laptops, cellphones, and even automobiles.
1.3.2.1.1 ENERGY HARVESTER DESIGN CONSIDERATIONS
To achieve optimal power output from ferroelectric energy harvesting efforts, two key
considerations to the design of the harvester must be made:
1. Impedance matching. The load that is being applied to the energy harvester, be it
an energy storage device or the component that is being powered must have a
matching impedance (Kong et al. 2010). The impedance of the energy harvester
will be dictated by its geometry and material, and this must be assessed and
matched to achieve ideal power output.
11

2. Operating conditions. The main consideration that should be made for
piezoelectric and pyroelectric energy harvesting is whether the material will work
as expected in the desired application. Ferroelectricity is a property dependent on
crystal structure (Yin, Zhu, and Zeng 2010). As such, the operating conditions of
the energy harvesting must be within the boundaries of the temperature range of
the ferroelectric phase of the material. The material must not be above or below
the temperatures at which the ferroelectric properties are exhibited. If this
condition is not met, the original polarization of the material will be lost even if
the device is brought back to the operating conditions required by the harvester.
This loss of polarization is a result of dipole reorganization during the phase
change of the material.

1.3.3 ADDITIVE MANUFACTURING
Additive manufacturing (AM), or 3D printing, is a layer-by-layer fabrication technology
in which complex geometries are built (T. D. Ngo et al. 2018). Although initially utilized as a
rapid prototyping tool, AM has gained attention as a technology that could be used to fabricate
functional end-product components due to its reduced times of fabrication, as well as the geometry
design freedom that it supplies. Several AM techniques have been developed in the last 30 years
including:
1. Fused deposition modeling (FDM). This technology extrudes and deposits a string
of melted thermoplastic polymer using a nozzle in a printing head. This is the most
commonly found “desktop” printer and commonly used to fabricate parts with low
melting point polymers and composites.
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2. Vat photopolymerization. A liquid resin sensitive to light is selectively solidified
using a light source. Depending on the light source, this technology may be referred
as stereolithography (SLA) for spot laser sources, or digital light projection (DLP)
for sources that use projected light in complete building layers. Mostly used for allpolymer structures.
3. Powder bed fusion. This technology utilizes a high-power source to bond individual
particles of the desired material in a powder bed. Complete layers of the desired
material are deposited and selectively bonded using the energy source. This
technology is commonly used for metal and polymer structures. Electron Beam
Melting (EBM), Selective Laser Sintering (SLM), and Selective Laser Sintering
(SLS) are common examples of powder bed fusion.
4. Material Jetting. An inkjet printing head is utilized to deposit the building material.
Several materials can be fabricated using this technology under the right suspension
formulation. Despite the potential to be a high-resolution process, longer times
would be required for large prints.
5. Binder jetting. A powder bed of the desired material is deposited in a layer-by-layer
fashion. After the powder layer is deposited, a polymeric binder is selectively
deposited to bond the particles together. Subsequent heat treatment is required to
eliminate polymeric material and densify the desired material. There are very few
limitations regarding the materials that can be fabricated using this technology.
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1.3.1 ADDITIVE MANUFACTURING OF CERAMICS
While ceramics exhibit great mechanical, thermal, and chemical properties, their
implementation in several industries is limited due to the challenges involved in their manufacture.
Fully dense ceramics cannot be practically shaped or machined using traditional methods due to
their brittle behavior. However, the fabrication of ceramic structures with complex shapes is still
of interest due to the multiple applications that they have and the potential in using intricate
geometries to further increase their functionality. Therefore, several of the technologies described
in the previous section have been explored as potential candidates to 3D print ceramics (Zocca et
al. 2015). While FDM and SLA have been proven to successfully print polymer-ceramic
composites, resolution of the fabricated parts is lost due to the loadings of ceramics required, and
densities are low due to the amount of polymer needed to make the print viable and consistent
(Castro et al. 2017; Halloran 2016). Other extrusion technology utilized, known as paste extrusion
has also been used to print ceramics in the past. This technology allows for the extrusion of highly
loaded polymer-ceramic composites; however, part resolution is lost due to the low flowability of
ceramics and the limitations this imposes on extruding nozzle geometry (Peng, Zhang, and Ding
2018). Finally, the AM technique that has shown great promise in recent years to fabricate ceramic
components with complex geometries is binder jetting (Xinyuan Lv et al. 2019; Wenchao Du et
al. 2017; Gonzalez et al. 2016). This is due to the resolution of the part not being dependent on the
flowability of the base powder, as well as the ability to tune the final properties of the fabricated
component in subsequent heat treatment processes. This makes binder jetting a highly attractive
technology to use to fabricate functional ceramics.
1.4 DISSERTATION OVERVIEW
This document is divided in five chapters. The research motivation and previous efforts to
develop reliable sensing solutions in energy conversion systems are discussed in the first chapter.
Pyroelectric characterization at different temperatures is discussed in the second chapter. Overall
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response of piezoelectric material systems under simultaneous loads is discussed in chapter three.
Furthermore, chapter four focuses on the additive manufacturing of piezoelectric ceramics using
binder jetting technology, as well as the testing and post-processing conditions that affect the
performance of the material system. Finally, concluding remarks and possible future research
directions for the development of additively manufactured functional ceramics for energy
applications are discussed in chapter five.
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CHAPTER 2: PYROELECTRIC CHARACTERIZATION AT DIFFERENT
TEMPERATURES
2.1 INTRODUCTION
The use of ferroelectric materials for thermal and mechanical energy harvesting has been
increasingly explored in recent years. This has been done with the intent of implementing these
materials in energy conversion systems where cycling mechanical and thermal loadings are present
(Koumoto et al. 2013; Hoejin Kim et al. 2017; Cook-Chennault, Thambi, and Sastry 2008). As
such, the piezoelectric and pyroelectric effects could be used to power small electronics. The
research performed has been done in both ferroelectric ceramics, polymers, and composites.
However, most of these efforts have been performed in temperatures below 100 °C due to material
limitations (Xie et al. 2010b; Cuadras, Gasulla, and Ferrari 2010). Although the research
performed has provided with insightful information in regards to the potential application of the
pyroelectric effect to power small electronics, these results are not readily applicable to current
systems as the operating temperature of energy conversion systems are much higher (A. S. Rattner
and Garimella 2011). This makes it key to develop and characterize the capabilities to harvest
thermal energy using the pyroelectric effect at temperatures closer to the operating conditions of
energy conversion systems.
As mentioned, these high temperatures efforts have not been completed due to the
temperature limitations of most pyroelectric materials (Bowen et al. 2014). Most pyroelectric
materials exhibit a Curie temperature well below 650 °C, which are the typical working
temperatures of combustion-based energy conversion system components. This means that the
ferroelectric material will lose its piezoelectric and pyroelectric properties when the curie
temperature is exceeded due to a crystal structure change, rendering useless for energy harvesting
applications of any nature. One of the few materials that has been demonstrated to retain its
polarization at the temperature ranges required for this application thanks to its high curie point is
Lithium Niobate (LNB, curie temperature ≈ 1100 ℃) (Sarker et al. 2018). In addition to its high
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temperature properties, LNB also is lead-free eliminating many environmental concerns
commonly associated with piezoelectric ceramics. These characteristics make it an ideal candidate
to be researched as an energy harvesting material for high temperature applications.
Although this material has been researched as a temperature sensing device at high
temperatures (Sarker et al. 2018), and as an energy harvesting material at low temperatures
(Hasanul Karim et al. 2016), its performance as an energy harvester at elevated temperatures must
be explored. The pyroelectric properties and energy harvesting capabilities of LNB at elevated
temperatures was studied and is discussed in this chapter. Figures used in this chapter were
reproduced from a previous publication (L. A. Chavez et al. 2018) from the author of this
dissertation, however all discussion was explicitly prepared for this document.
2.2 METHODS
2.2.1 SPECIMEN
A Z-cut LNB wafer obtained from Precision Micro-Optics, LLC was used during these
studies. The top and bottom faces of the wafer were painted with silver paint from SPI Supplies to
create an electroded surface. The painted LNB wafer was then heat treated to eliminate polymer
residues from the paint and achieve high conductivity from the electrode. The physical dimensions
and properties provided by the supplier are shown in the following table.
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Table 2.1. Parameters of tested Lithium Niobate specimen.
Sample properties
Name
Lithium Niobate
Diameter (mm)
76.2
Thickness (mm)
0.5
2
Pyroelectric Coefficient (C/K·m )
-8.3 x 10−5
Curie Temperature (°C)
1133 ± 3
Melting Point (°C)
1253
3
4.647
Density (g/cm )
Heat Capacity (J/K·mol)
89
Capacitance (F)
2.319 x 10−9
Resistance (Ω)
9.349 x 105

2.2.2 TESTING SETUP
A custom testing setup was designed and fabricated to achieve controlled operating
conditions during the tests. This testing setup was composed of a cooling axial fan, a metal duct
with a square opening of 8x8 inches, as well as a heating plate and a heat sink to quickly decrease
the temperature experienced by the LNB samples. The heating plate had a heating surface of 6x6
inches with the intent to accommodate multiple testing samples at a time if required. To provide
heat into the system, cartridge heaters were inserted into the heating plate and powered using an
AC source controlled by relays.
The upper and lower temperature levels at which the temperature was cycled, as well as
the number of cycles were inputted and controlled in the system using an Arduino UNO R3
microcontroller with a custom code. The fan was also controlled using this Arduino
microcontroller. Cooling fan and heating plate alternated operation based on the part of the cycle
that was needed, namely cooling or heating stages.
The tests were performed in different temperature ranges between the overall range of 75
℃ and 225 ℃. The temperature ranges tested were separated in 25 ℃ intervals. Meaning that the
temperature ranges tested were 75 ℃ - 100 ℃, 100 ℃ - 125 ℃, and so on until an upper limit of
18

225 ℃ was reached. All temperature ranges were tested for a minimum of 5 heating and cooling
cycles.

Figure 2.1. (a) 3D model of designed testing setup, and (b) closer image depicting testing region.
2.2.3 CURRENT AND POWER MEASUREMENTS
The current generated by the ferroelectric specimen due to the pyroelectric effect was
characterized using a Keithley 6485 picoammeter. This pyroelectric current was measured under
no electrical load, as well as with varying loads to determine the pyroelectric coefficient, as well
as the electrical power generated under different loads. To determine the electrical power output,
the different loads were connected in a series manner and the current flowing across the circuit
was measured. Using the following equation, the power was calculated:
𝑃 = 𝐼2𝑅
Where P is the electrical power, I is the current flowing in the circuit, and R is the applied
electrical load. Similar approaches have been used to characterize the power generated during
energy harvesting efforts in the past (Leadenham and Erturk 2014; Jonathan Granstrom et al.
2007). A schematic of the electrical circuit used for all power characterization efforts in this project
is shown in figure 2.2.
Additionally, the pyroelectric coefficient of the material was calculated using the current
generated by the specimen and following the following equation:
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𝑝=

𝑖
𝑑𝑇
𝐴
𝑑𝑡

Where p is the pyroelectric coefficient, I is the current generated, A is the area of the
specimen being tested and dT/dt is the change in temperature over time exerted to the specimen.

Figure 2.2. Representation of circuit used for all harvested power characterization.
2.3 RESULTS AND DISCUSSION
First, it was corroborated that the pyroelectric properties from LNB were observed under
the right conditions. After the initial testing, a current trend was observed to match and closely
follow the dT/dt excitation applied to the LNB specimen. This is shown in figure 2.3 for a cycling
load in the temperature range of 75 °C to 100 °C. Similar behavior was observed in all other
temperature ranges. The current generated as a function of the dT/dt applied in these temperature
ranges is shown in figure 2.4. The reported results are the average current and dT/dt of five cycles
during the heating segment. The highest current output was found to be 157 nA, at the lowest
temperature range. In this figure, a decreasing trend in the current magnitude at higher
temperatures was observed. It is also apparent that at higher temperatures a lower dT/dt is present.
This is due to accelerated heat losses to the environment in the form of natural convection at higher
temperature levels. The response was normalized by calculating the pyroelectric coefficient of the
sample at different temperature ranges.
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Figure 2.3. Current generated and temperature change over time (dT/dt) for the temperature
range of 75 to 100ºC.

Figure 2.4. Current generated in average under thermal excitations (dT/dt) at the corresponding
temperature ranges with no electrical load being applied.
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The pyroelectric coefficient of multiple materials has been shown to be dependent on
temperature (Newsome and Andrei 1997; Sarker et al. 2018). And a similar trend is observed in
our studies and shown in figure 2.5. It was observed that the pyroelectric coefficient steadily
increased as higher temperature levels were introduced. Again, this is in agreement with what has
been reported in literature (Whatmore 1986). The lowest pyroelectric coefficient for this material
was observed at the temperature range of 75 °C to 100 °C at -100 μC·m-2·°C-1 and increase to a
maximum value of -196 μC·m-2·°C-1 at the 200 °C to 225 °C range. This increase in overall
pyroelectric response was represented an improvement of 96% with respect to the lowest value,
and 136% over the room temperature value reported in literature for this material (Bowen et al.
2014).

Figure 2.5. Influence of temperature range in the pyroelectric coefficient.

After the completion of the harvester characterization under no electrical load, the power
generated by the sample under different conditions was measured. The highest, lowest, and an
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intermediate temperature range were used to characterize the electrical power output response.
This meant using the 200 °C to 225 °C, 75 °C to 100 °C, and 125 °C to 150 °C temperature ranges
to characterize harvestable power due to the pyroelectric effect. In addition to changing the
environment conditions, the electrical load applied to the specimen were also varied. This was
done with the intent of finding the ideal testing and loading conditions for potential real-life
applications. The electrical load was gradually increased using 10 MΩ resistors to characterize the
power output of the sample. The current generated by the sample at different temperature ranges
as a function of electrical loads is shown in figure 2.6. Using the current flowing through the
different resistors as a function of the varying conditions, the electrical power generated was
calculated using the method described in the previous section. The results from these calculations
are shown in figure 2.7. The potential bias and experimental error were calculated using a Student’s
t-distribution and are also shown in figure 2.7 A 95% confidence interval was used to estimate
these potential errors.

Figure 2.6. Outputted current at different electrical loads and temperature ranges
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Figure 2.7. Influence of temperature range and magnitude of electrical load in power output.

From these two plots it can be seen that the pyroelectric power trend is very different to
the trend observed under no loads. When the material was cycled without a load being applied, the
pyroelectric coefficient increased at higher temperatures, meaning that higher currents could be
achieved under identical temperature changes over time. However, once a load is introduced, the
current that the material can flow across the electrical resistance sharply decreases at higher
temperatures. This is believed to be due to a couple of different phenomena. First, it has been
reported that electrical impedance matching is required to achieve ideal energy harvesting
conditions in similar systems (Yabin Liao and Sodano 2008). Materials usually exhibit lower
internal resistances at higher temperatures. This would contribute to the material being able to
overcome the resistance of its external load and therefore not being able to flow an electrical
current through it (Kirk et al. 2015). This means that although pyroelectric coefficient will increase
at higher temperatures, the power output will decrease. This does not mean that this area of
research is not worthy but that further engineering design considerations must be made during the
development of systems where these materials may be applied. Peak power output for the entire
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test was found when the specimen was tested at a temperature range of 75 °C to 100 °C and an
electrical load of 1 GΩ with a peak power of 20.5 μW. This response was followed by a peak
power output of 14.8 μW for the testing range of 125 °C to 150 °C and the same electrical load.
The power generated at the higher temperature range was much lower and was more closely
inspected. The results from this temperature range are shown in figure 2.8.

Figure 2.8. Power output as a function of electrical load for the higher temperature range
(200 to 225 °C).

A clear peak on power can be observed for the testing performed at this temperature range.
An initial increase in power to reach a maximum around a load of 100 MΩ is observed,
subsequently followed by a constant decrease in power was higher loads are introduced. From
these results, it can be inferred that an impedance matching conditions was achieved in this loading
range. A similar trend was not observed in the lower temperature ranges, although it is possible
that this would be seen at higher electrical load levels. A close-up of the peak power output from
this temperature range is shown in figure 2.9. An average peak power output of 255 nW was
observed when testing under the electrical load of 45 MΩ.
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As mentioned before, there are multiple phenomena that may contribute to lower power
outputs at higher temperatures besides impedance matching. The ability of the ferroelectric
material to efficiently convert energy through the pyroelectric effect may also be diminished at
higher temperatures. Pyroelectric power conversion efficiency can be generally defined as the
electrical work generated by the material divided by the heat absorbed by this. This power
conversion efficiency has been defined in the past as follows (Fatuzzo, Kiess, and Nitsche 1966):

𝜀=

𝐴𝑃𝑠 (𝑇 ∗ − 𝑇𝑐 )
(0)

𝐴𝑃𝑠2 𝑇 ∗ + 𝐶𝑝 (𝑇 ∗ − 𝑇𝑐 )

Where ε is the pyroelectric power conversion efficiency, A is the area of the ferroelectric
material, Ps is the spontaneous polarization, T* is the temperature of the crystal, Tc is the curie
temperature, and Cp(0) is the specific heat of referent to the lattice. When a large difference between
the testing and curie temperature is present, the efficiency is only dependent on the area, the
specific heat of the material and its spontaneous polarization. As the geometry of the material is
fixed, the temperature at which it is tested does not affect this parameter. However, both
polarization and specific heat of crystals have been shown to be dependent on temperature.
Specific heat usually increases (Raman 1956), while polarization decreases at higher temperatures
(Savage 1966). Both of these factors will also contribute to lowering the overall performance and
therefore power output that can be obtained using pyroelectric energy harvesters. This
demonstrates that although pyroelectric energy harvesting is possible and may be practical at
higher temperatures, significant drops in overall performance should be expected and accounted
for to obtain a reliable engineered system.
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Figure 2.9. Close-up of power output for material tested at the 200 °C to 225 °C temperature
range.
2.4. CONCLUSION
In this chapter we have explored the dependence on temperature of ferroelectric materials
as pyroelectric energy harvesters. It was demonstrated that this type of material is a feasible
solution to convert waste energy into usable electricity at elevated temperatures. An interesting
phenomenon was observed in which although pyroelectric coefficient increased at higher
temperatures, the power outputted by the ferroelectric material decreased. This was found to be a
result of both a decrease in internal impedance of the material, as well as diminished pyroelectric
energy conversion efficiency at high temperatures.
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CHAPTER 3: ENERGY HARVESTING OF SIMULTANEOUS LOADS
USING FERROELECTRIC CERAMICS
3.1 INTRODUCTION
As discussed in the previous chapter, significant research efforts have been made in recent
years to develop technologies that can harvest waste energy from different sources to convert into
usable energy. One of the main targets for such technologies are combustion-based energy
conversion systems such as coal-burning power plants. The piezoelectric and pyroelectric effects
have arisen as potential means to achieve such energy harvesting. Both these effects have been
discussed in the previous two chapters. There is, however, a key factor that must be considered
when exploring the use of ferroelectric materials as an energy harvesting solution for this type of
systems. Combustion-based systems are subject to simultaneous fluctuations in both temperature
and pressure, as well as vibrations. The impact of applying simultaneous loading conditions has
not been fully explored for ferroelectric materials. While the performance of ferroelectric harvester
under mechanical and thermal conditions has been explored in the past (Fang et al. 2006; Sun, Shi,
and Wang 2010), their performance under multiple conditions is yet to be explored. This study is
crucial to understand their potential applicability in different systems, as all materials that exhibit
the pyroelectric effect also exhibit piezoelectric properties (Whatmore 1986). The electrical signal
generated by ferroelectric materials under multiple loads has been studied, however their
performance for energy harvesting purposes was not reported (Bandyopadhyay and Chandrakasan
2012). Additionally, energy harvesting using different effects has been explored in the past through
piezoelectric, photovoltaic, and thermoelectric materials (X. Chen et al. 2016). However, this was
done using multiple harvesters for multiple excitations and therefore does not address the issue at
hand. In this chapter, the energy harvesting performance from a single ferroelectric material will
be discussed. The electrical output under mechanical, thermal, and combined excitations using a
custom designed setup is assessed using commercially available materials. Figures used in this
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chapter were reproduced from a previous publication (L. Chavez et al. 2018)from the author of
this dissertation, however all discussion was explicitly prepared for this document.
3.2 METHODS
3.2.1 SPECIMEN
A 50 mm by 50 mm square plate of Lead Zirconate Titanate (PZT-5A) with a thickness of
1 mm was used as obtained from Piezo Systems, Inc. PZT-5A was selected as the testing material
thanks to its high piezoelectric properties, as well as a curie temperature above the temperature
range that would be applied during the testing. A summary of the relevant material properties for
the specimen tested are shown in the following table.
Table 3.1. Relevant dimensions and material properties of tested specimen.
Specimen properties
Material
Area (mm2)
Thickness (mm)
Piezoelectric Coefficient [g33]
(V-m/N)
Curie Temperature (°C)
Density (g/cm3 )
Heat Capacity (J/K·mol)
Capacitance (F)
Resistance (Ω)

Lead Zirconate
Titanate
2500
1.0
25 x 10-3
350
7.8
89
4.040 x 10-8
1.826 x 105

3.2.2 TESTING SETUP
A custom set of load frame fixtures was designed to test the PZT specimen under different
conditions. Compression-compression fixtures were fabricated using 6061 Aluminum obtained
from McMaster-Carr. Thermal loads were applied to the specimen by means of two heating
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cartridges inserted to the aluminum fixture. Temperature monitoring was achieved using a
thermocouple also embedded close to the surface of the aluminum fixture. Control of the thermal
loads was performed using an Arduino Uno microcontroller and a custom program. All testing was
performed by mounting the custom aluminum fixture and applying loads using an Instron 8801
load frame. The custom designed testing fixtures are shown in Figure 3.1. The response of the
ferroelectric plate under five different mechanical, thermal, and simultaneous loads was
characterized. The five different loads are described in the table below.
Table 3.2. Parameters of the different tests performed to characterize the power output of the
PZT plate specimen.

Test

Initial
Mechanical
Conditions

Initial
Thermal
Conditions

Combined

2500 N
Compression

Room
Temperature

Mechanical at 50 °C

2500 N
Compression

50 °C

Mechanical at 60 °C

2500 N
Compression

60 °C

Pure Mechanical

2500 N
Compression

Room
Temperature

Pure Thermal

2500 N
Compression

Room
Temperature
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Mechanical
Cycling load

Thermal Cycling
Load

1000 N
Amplitude at 0.05
Hz
1000 N
Amplitude at 0.05
Hz
1000 N
Amplitude at 0.05
Hz
1000 N
Amplitude at 0.05
Hz

Temperature
cycled at 50 to 60
°C

No Cycling Load
Applied

Constant
Temperature
Constant
Temperature
No Thermal
Cycling
Temperature
cycled at 50 to 60
°C

Figure 3.1. Computer model of testing setup used in the experiments described in this chapter.
3.2.3 PERFORMANCE MEASUREMENTS
A Keithley 2100 digital multimeter, as well as varying electrical loads were used to
characterize the electrical power outputted by the ferroelectric specimen. This was done by
measuring the voltage generated across different electrical resistances due to the charge movement
in the specimen. The power outputted by the specimen under different the different excitation and
loading conditions was calculated using the following equation.
𝑉2
𝑃=
𝑅
Where P is electrical power, V is the measured voltage, and R is the applied electrical load
(Shu and Lien 2006). This method is commonly used to measure electrical power output in energy
harvesting applications (Yabin Liao and Sodano 2008; Leadenham and Erturk 2014; Jonathan
Granstrom et al. 2007). The arrangement of the electrical circuit for these power output
calculations is shown in figure 3.2. RL is figure 3.2 denotes the applied electrical loads, while V
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represents the device used to measure and record the voltage generated by the specimen under the
different testing conditions. RL was changed throughout the test to determine the ideal loading
level.

Figure 3.2. Representation of circuit used for all harvested power characterization.
3.3 RESULTS AND DISCUSSION
First, the proper operation of the testing and measurement equipment was ensured by
conducting an initial test only with mechanical loads. In this test, it was expected to observe a
voltage signal completely in phase with the applied load and with a magnitude corresponding to
the mechanical load being applied. The results from this initial test are shown in figure 3.3. A peak
to peak mechanical load of 2 kN was applied to the previously described ferroelectric specimen.
The voltage outputted during this experiment was around 15 Vp-p, which was the response expected
based on the material properties of the specimen. In addition to the magnitude matching theoretical
expected results, the signal was completely in phase with the test. Therefore, it was determined
that testing and measuring equipment was suitable for these studies.
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Figure 3.3. Voltage outputted due to only mechanical loads.

After the successful validation of the testing setup and measurement tools, initial
optimization of response was performed. First, electrical loads were connected to the ferroelectric
specimen to be able to characterize electrical power. Using different electrical loads, as well as the
rectified voltage across these varying loads, power calculations could be performed. The signal
from the ferroelectric material was rectified by using a full bridge rectifier. Resistive loads ranging
from 1 kΩ to 100 MΩ were used to determine the ideal loading range. The voltage across these
very different resistances, as well as the electrical power generated are shown in figure 3.4 and
figure 3.5, respectively. From these results, it can be seen that both voltage and power increased
as a function of electrical load until a peak value in the range of 10 MΩ was seen before output
started to drop. Based on this estimated range, it was decided to perform full testing in the range
of 10 to 60 MΩ. Although power generated during this study was low in comparison to other
research efforts, power can be tuned and increased by varying excitation conditions such as
magnitude and frequency (Fan et al. 2018).
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Figure 3.4. Voltage measured after rectification process was performed at different electrical
loads and purely mechanical excitations.

Figure 3.5. Electrical load testing range optimization under only mechanical loads.

Once the testing range was determined, thermal loads were applied to the specimen to
ensure proper operation of testing and measuring equipment under this type of load. The specimen
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was cycled between 50 °C and 60 °C for at thermal loops in the different electrical loads. The
initial electrical load was 10 MΩ and was increased in 10 MΩ increments until a final electrical
load of 60 MΩ was applied. From figure 3.6 it can be seen that the voltage generated across the
different resistances increased up to the loading of 50 MΩ and started to plateau once the electrical
load of 60 MΩ was achieved. This behavior hints at a maximum power output that will be
discussed next.

Figure 3.6. Outputted voltage after rectification under purely thermal loads.

The response under the different testing conditions was also assessed in this electrical load
range. The average voltage of five different cycles at each testing condition and range are shown
in figure 3.7. Using this average voltage and the different electrical loads, power output was
calculated and shown in figure 3.8. From figure 3.8 it can be observed that the overall lowest power
was obtained for the pure mechanical loading condition. This was followed by the testing condition
of Mechanical at 50 °C, and then Mechanical at 60 °C. The testing conditions that promoted the
highest electrical output by the ferroelectric ceramic were pure thermal, as well as combined
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conditions. Despite exhibiting similar peak power outputs, pure thermal conditions outputted
higher outputs throughout the testing range.

Figure 3.7. Dependence of voltage response of the specimen to the different testing conditions
and electrical loads.

Interestingly, the testing conditions that combined two different loads, combined,
mechanical at 50 °C, and mechanical at 60 °C presented non-linear nor parabolic trends in their
output. Instead, they presented high and lows as the electrical load was changed. This is believed
to be due to internal impedance fluctuations as a function of the different thermal loads being
applied, as well as poor impedance matching as a result of this. A summary of the results obtained
for the different testing conditions, including maximum and minimum power values for each
condition is shown in the following table. A random error of ±2.1% was estimated assuming a
confidence interval of 95%.
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Table 3.3. Power output of material under the different testing conditions.
Test
Peak power Load at peak
Lowest power
Load at lowest
(nW)
power (MΩ)
(nW)
power (MΩ)
Combined
494
30
253
10
Mechanical at 50 °C
320
50
108
30
Mechanical at 60 °C
458
20
103
10
Pure Mechanical
216
40
98.6
10
Pure Thermal
501
30
319
10
Another approach commonly used to determine the effectiveness and applicability of
energy harvesters for real-world applications is to characterize their power density. In the case of
piezoelectric and pyroelectric energy harvesting efforts, power generated over volume of the
harvester is commonly used. The highest power density obtained from these experiments was for
the pure thermal loading condition at 200 nW/cm3, followed by the combined loading condition at
198 nW/cm3. Next, mechanical at 60 °C yielded a power density of 183 nW/cm3, followed by
mechanical at 50 °C at 128 nW/cm3, and finally pure mechanical testing condition at 86 nW/cm3.

Figure 3.8. Influence of electrical load and testing condition on harvestable power.
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It is apparent from these findings that thermal energy has a predominant impact on the
overall response of the harvester. Overall power output was highest for the sample only subject to
thermal stresses, while samples in which the temperature was increased showed a following trend
on their power output. Meaning that higher outputs were observed at higher temperatures. This
phenomenon is believed to be due to the higher compliance at higher temperature in the material,
as well as the overall higher energy state that the material is experiencing as a function of the
higher temperatures. Therefore, as the temperature increases, the dipoles in the ferroelectric
material have less opposing energy to inhibit their movement. This allows for higher ion mobility
and higher apparent piezoelectric response as a result of the same mechanical load being applied.
In contrast, lower harvested energy was achieved for the testing condition in which more energy
was inputted to the material. This is due to both the piezoelectric and pyroelectric effects in the
ferroelectric material generating conflicting responses simultaneously. As electricity generated
from both effects comes from the same source (dipole movement in the lattice structure of the
material), some of the signal will be cancelled internally before it can be outputted and rectified
by the circuit in the system.
Also acting as evidence of this phenomenon of conflicting, or counteracting, piezoelectric
and pyroelectric effects was the appearance of a secondary power peak when multiple loads were
applied simultaneously. This secondary peak is attributed to the different frequencies of the
excitations being applied to the system. As both excitations are not in sync, two characteristic
responses or peaks in power will appear. Maximum harvestable power is dependent on the
frequency of the excitation being applied (Shu and Lien 2006).
3.4 CONCLUSION
In this research effort it was demonstrated that thermal and mechanical energy harvesting
can be simultaneously performed using a single harvester. It has been shown that increases in
power output can be achieved by increasing the temperature of the harvester, provided that this
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temperature is below the curie temperature. Additionally, it was seen that the energy harvesting
performance using simultaneous loads will have be different than that observed for individual
loading conditions. Impedance and frequency matching play a key role when applying multiple
simultaneous loads to a ferroelectric material.
Performance of the piezoelectric and pyroelectric energy harvesting of the specific material
must be characterized to fully understand the interaction between the two effects. Energy
harvesting using both effects is possible and might be amplified if both excitations are applied in
phase.
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CHAPTER 4: ADDITIVE MANUFACTUING OF FERROELECTRIC
CERAMICS
4.1 INTRODUCTION
As a deeper understanding is gained in the factors that influence energy harvesting
performance due to the piezoelectric effect and pyroelectric effect in commercially available
ceramics, the effect of additive manufacturing must also be explored. Additive manufacturing has
been shown to have an impact in performance in multiple properties of materials manufactured
through this method. However, limited research has been dedicated to the additive fabrication of
ceramics, and an even lower number of efforts has been dedicated to exploring additive
manufacturing of functional ceramics. It has been established that ceramics that exhibit
ferroelectric properties are among the most prominent functional ceramics in industry but even for
these materials there is little understanding of the impact of fabrication in performance.
This chapter aims to investigate and elucidate the impact of the additive manufacturing
process on the performance of functional properties in ferroelectric ceramics. There are several
additive manufacturing technologies, however those that can fabricate all-ceramic parts are very
limited. Among these, binder jetting has been shown to be able to fabricate ceramics components
without having to use composite solutions or losing a great deal of resolution. Despite the
significant advantages of using the binder jetting technology (BJT) over other additive
manufacturing methods, this technology also has drawbacks. Namely the lower density commonly
observed in ceramics fabricated through this method, as well as the sometimes-pronounced
anisotropy due to the layer-by-layer process used in this technology, as shown in figure 4.1. Figures
used in this chapter were reproduced from previous publications (L. A. Chavez et al. 2019; 2020)
from the author of this dissertation, however all discussion was explicitly prepared for this
document.
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Figure 4.1. Representation of the fabrication process of binder jetting additive manufacturing.

In addition to the layer-by-layer process, ceramics fabricated using BJT need to be postprocessed through heat treatment to de-bind and densify the desired ceramic. The functional
properties of ferroelectric ceramics are especially susceptible to their thermal history and the
microstructure derived from this process (Ryu, Choi, and Kim 2001; D. H. Kim et al. 2014). The
dependence of functional properties on these phenomena must be understood and characterized to
be able to design material systems that take into account these potential effects. Additionally,
methods to minimize of utilize this dependence must be developed. The impact of printing
parameters, post-processing environment, and testing conditions on functional properties of smart
ceramics will be assessed and discussed in this chapter.
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4.2METHODS
4.2.1 SAMPLE
4.2.1.1 MATERIALS
Barium titanate powder with an average particle size of 10 microns and a max particle size
of 45 microns provided by The Goodfellow Group. Solvent binder, BS004, and cleaner CL001
from The ExOne Company were also used during these experiments.
4.2.1.2 FABRICATION
An M-Lab R1 BJT printer from ExOne was used to fabricate 12mm cubic specimens to
perform density, dielectric, mechanical, and piezoelectric characterization. Binder saturation was
varied to perform saturation levels impact characterization. For dielectric and piezoelectric
characterization, saturation level was kept at 100%. The rest of relevant printing parameters for
this study are shown in table 4.1.
Table 4.1. Relevant fabrication parameters used and maintained constant for this study
Printing Specifications
Parameter

Value

Powder Packing Rate (%)

24.4

Layer Thickness (μm)

135

Feed to Build Ratio

1.75

Initial Spread Speed (mm/sec)

5

Drying Time (sec)

120

4.2.1.3 PROCESSING
Thermal treatment was performed using a high temperature furnace from CM. First, the
3D printed structure was subject to a curing process during which the binder is solidified while the
sample was still surrounded by the base powder. This curing process was performed at 200 ℃ for
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two hours. Once this curing process was performed, the 3D printed structure was removed from
the powder bed.
Once the printed ceramic was removed, it was subject to a de-binding process during which
the binder is burnt out of the system. Finally, the specimens were subjected to higher temperatures
to achieve sintering of the particles and densification of the material system. The sintering stage
during this heat treatment process is determinant of the final functional properties of the material
due to its effect in the microstructure. A general schematic of the heat treatment profile for this
study is shown in figure 4.2.

Figure 4.2. Heating profile used for sintering of BJT printed ceramics (a) binder curing stage, (b)
cool-down and sample transfer, (c) binder burn-out stage, and (d) sintering stage.

Specimens that were used for dielectric characterization were sanded down and polished
to a thickness of 3 mm. After this trimming down was completed, these specimens were electroded
using silver paint. This electroding process was also performed in two different orientations to
study the effect of the building orientation with respect to the testing orientation in the observed
properties of the material. This electroding process described above is shown in figure 4.3. After
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dielectric characterization was performed, polarization through electric field was performed in
both orientation sample sets. This polarization process was performed by applying a direct current
electric field of 0.33 kV/mm at a temperature of 60 ℃ for two hours.

Figure 4.3. Schematic of electrode orientation for the two specimen configurations.
4.2.2 CHARACTERIZATION
4.2.2.1 PHYSICAL
The weight and external volume of the fabricated specimens were measured and used to
characterize the apparent density of the additively manufactured structures. Mechanical properties
were characterized by applying a compressive load until fracture in the specimens was observed.
Additionally, microstructure of the different specimens was characterized using a Hitachi 4800
Scanning Electron Microscope (SEM).
4.2.2.2 FUNCTIONAL
Additionally, dielectric properties were characterized by measuring the capacitance of the
different specimens using a 1920 Precision LCR meter from IED lab at a 1 kHz frequency. This
capacitance was then used to characterize the permittivity of the material using the following
equation,
𝜀=

𝐶𝑑
𝐴 𝜀𝑜
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Where ε represents the permittivity of the material, C denotes the capacitance measured, d
is the distance between the electrodes of the material, A is the projected area between the two
electrodes of the structure, and ε0 represents the permittivity of free space.
Piezoelectric properties were measured in both orientations of the printed structures using
a d33 meter from American Piezo Ceramics, International ltd.
4.3 RESULTS AND DISCUSSION
The results and discussion section in this chapter is broken up in the impact that the
previously discussed factors had in the properties of interest. This includes the saturation level in
density and mechanical properties, and the impact of testing orientation in functional properties as
well as in mechanical behavior.
4.3.1 BINDER SATURATION
Properties of BJT printed structures are strongly influenced by the binder saturation level.
Binder saturation is calculated based on the packing ratio of the powder being used during the
fabrication process. Binder is intended to wet the particles and fill the free space left in between
powder particles. Therefore, in a system where a 40% particle packing ratio is achieved, the
remaining 60% of any given volume represents the amount of binder that must be introduced. As
an example, when a binder saturation of 100% is introduced, the binder jetted must be equal to the
60% of volume in the free space. Based on this, it can be seen how binder saturation can impact
the properties of BJT green body structures. When low saturation levels are used, the fabricated
parts are not strong enough, while very high saturation levels yield distorted parts as a result of
over-wetting and under-curing of binder.
In addition to the dependence on binder saturation for green body properties, it has been
found that sintered properties are also greatly influenced by binder saturation. It was found that
green body densities steadily as higher binder saturations are used. This is because more polymer
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is introduced to the system and therefore the likeliness of voids being present in the fabricated
structures is reduced. As shown in figure 4.4, this behavior contrasts to that observed in the sintered
parts. It can be seen that sintered densities initially increase as higher saturations are introduced;
however, this behavior is not present throughout the whole binder saturation range. Once the
binder saturation exceeds 205%, sintered density decreases. This can be explained by a decrease
in interfacial energy between particles as a result of separation induced by the binder. As higher
binder saturation levels are used, particles are “pushed” apart from one another. This inhibits the
mass diffusion process in between particles due to there not being a path for such physical
phenomena to happen. It can be observed from figure 4.4 that the “ideal” saturation level is
between 145% and 205% if the most important factor is density.

Figure 4.4. Dependence of density of as printed and sintered BaTiO3 specimens on the binder
saturation level.

In addition to density, the dependence of mechanical properties on the binder saturation
level was also studied. Preliminary results show that higher saturations will provide with better
mechanical properties. The dependence of mechanical properties on binder saturation is shown in
46

figure 4.5. However, more data points must be obtained to obtain a clear correlation between
mechanical properties and amount of binder introduced to the material system. Mechanical
properties might have an indirect impact to other functional properties tied to the mechanical
behavior of the fabricated materials. This last point should be further studied.

Figure 4.5. Correlation of binder saturation and mechanical properties of sintered functional
ceramics.
4.3.2 TESTING ORIENTATION
Structures fabricated through additive manufacturing, especially those with low densities
tend to be highly anisotropic (Cox et al. 2015). To study the impact of the testing orientation in the
properties of functional ceramics using BJT, several low-density specimens were fabricated. The
average density for these specimens was 2.21 g/cm³, or 36.77% of the ideal BaTiO3 value. Some
of the fabrication capabilities using BJT are shown in figure 4.6. This lower density present in the
ceramic specimens would, in principle, amplify the anisotropy exhibited by the material system as
it would increase the size of defects present or the number of them. The porosity in the material,
47

correlating to the lower density is shown in figure 4.7 where the microstructure of one specimen
was explored through X-ray computed tomography.

Figure 4.6. Examples of 3D printed structures fabricated using binder jetting technology.

Figure 4.7. X-Ray Computed Tomography (XCT) of printed ceramic.

A high level of porosity can be seen in figure 4.7, which will have a great impact in overall
performance of the ceramic. Further microstructure characterization was performed using SEM.
The microstructure parallel and perpendicular to the printing layers was characterized and is shown
in figure 4.8 and 4.9, respectively. A relatively flat microstructure can be observed in the parallel
sample, consistent with a uniform printing layer. However, in the case of the sample perpendicular
to the printing layers, a significant patterning is observed. This patterning seems to be a result of
the staking of the powder layers from the printing process, however significant voids can be
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observed in between these ceramic layers. This phenomenon is expected to have a significant effect
in the functional properties of the printed ceramics and must be further investigated.

Figure 4.8. Micrographs of plane observed in the parallel specimen.
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Figure 4.9. Micrographs of plane observed in the perpendicular specimen. Arranged porosity can
be clearly identified.
The dependence of dielectric properties on the observed microstructural patterning of the
material is shown in figure 4.10. While the dielectric constant of both testing orientations was low
in comparison to the ideal properties of pristine ceramic, a considerable difference between the
two orientations was also observed. The dielectric constant of the perpendicularly tested sample
was 698, around 20% higher than the 582 observed for the parallel specimens. Also shown in
figure 4.10 is an explanation for the marked difference in dielectric response due to the testing
orientation. According to this hypothesis, the dielectric properties are closely linked to the internal
morphology of the specimen. Both type of orientations can be represented as equivalent capacitor
circuits. For the parallel orientation, the equivalent circuit is composed of multiple capacitors made
of air and the functional ceramic connected in series. When solving for the equivalent capacitance
of the parallel orientation, the low dielectric properties of air will contribute to lowering the overall
response of the system. In contrast, the perpendicularly tested structure exhibits a series of
capacitors connected in parallel. The perpendicular capacitors composed of air should not have an
impact in the performance of the capacitors composed of the functional ceramic.
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Figure 4.10. Average dielectric properties for both specimen configurations.

Piezoelectric properties were also found to be dependent on the testing orientation of the
fabricated functional ceramics. Perpendicularly tested specimens were found to have an average
piezoelectric charge coefficient of 153 pC/N, over 35% than the 113 pC/N observed in the parallel
sample. This difference is graphically represented, along with a visual explanation of the
phenomenon in figure 4.11. The hypothesis used to explain the observed phenomenon is that
mechanical load transfer between the two testing arrangements is very different. In the case of
parallel testing, deformation due to mechanical load is first absorbed by the voids in between the
layers. This leads to a lower excitation present in each piezoelectric layer in average. Conversely,
the specimens tested in a parallel fashion are able to transfer these mechanical loads better as each
ceramic layer is excited by the mechanical energy being applied. This impact of the assumed
mechanical properties in the piezoelectric effect of the ferroelectric ceramic was also testes as
shown in figure 4.12. In addition, it is important to note that the observed piezoelectric effect is
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around 80% of the theoretical value, a highly significant feat considering the density of 37%
(Berlincourt and Jaffe 1958).

Figure 4.11. Average piezoelectric response for both specimen configurations.

Mechanical characterization was performed on the fabricated ferroelectric ceramics in
different orientations to determine both the impact that testing orientation will have in physical
properties of the ceramic, such as compressive modulus and overall mechanical behavior, as well
as to determine the impact that such properties have in other functional properties in the ceramic.
This mechanical characterization for BaTiO3 in different orientations is shown in figure 4.12 It can
be seen that the elastic compressive modulus is directly linked to the piezoelectric performance of
the ferroelectric ceramic. This further validates the hypothesis presented before. Finally, the
piezoelectric performance of another ferroelectric ceramic, PZT, was tested as a function of the
printing orientation. A very similar behavior to the one observed in BaTiO3 is present, as shown
in figure 4.13. The PZT tested in the perpendicular orientation exhibited a piezoelectric charge
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coefficient of 541 pC/N in average, an increase of 15.3% to the 489 pC/N observed in the sample
tested in the parallel orientation.

Figure 4.12. Testing orientation influence on piezoelectric performance of PZT ceramics.
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Figure 4.13. Correlation between mechanical and piezoelectric properties of printed ceramics.
4.4 CONCLUSION
Fabrication parameters, as well as testing conditions have been found to be very relevant
to the functionality of additively manufactured ferroelectric ceramics using binder jetting
technology. First, it was found that saturation levels influence density, of the printed structures,
both in the green body stage, as well as when sintered. In addition, saturation was found to also
influence the geometrical accuracy and mechanical properties of the fabricated ceramic structures.
It was also established that testing conditions play a crucial role in the functionality that you can
observe in the smart structures fabricated.
Testing orientation was found to be relevant to the observed dielectric, piezoelectric, and
mechanical properties. The fabrication process has a significant effect in the microstructure of the
material, which in turn influences the way the material behaves under different loads. It was also
found that factors that influence mechanical properties in the system might also have an influence
in other properties, such as piezoelectricity. The findings reported in this chapter are not only
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important to characterize but they may also be crucial when designing structures in which such
material systems are employed.
Smart structures that do not only account for the deficiencies, or differences in properties
obtained when fabricating ferroelectric materials through additive manufacturing but that actually
take advantage of these differences must be developed. As an example, the anisotropic behavior
observed in the piezoelectric domain of the fabricated ceramics may be very useful in industries
where transducers that only operate in one orientation are required. Further research dedicated to
both mitigate, as well as leverage this anisotropy and low density in the material must be
undertaken to design smarter material systems.
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CHAPTER 5: ENERGY HARVESTING USING ADDITIVELY
MANUFACTURED FERROELECTRIC CERAMICS
5.1 INTRODUCTION
As we have previously discussed, ferroelectric ceramics have many applications. Including
their use as sensing, actuating, and energy harvesting solutions. And we have also established that
these ceramics could achieve a higher level or functionality through the use of additive
manufacturing. This could be achieved through many different routes, such as by introducing a
gradient of properties as a result of the fabrication process, enhanced control of the system by the
use of a multi-material printing approach, as well as through geometry.
In this chapter, the use of different geometries to explore functionality enhancing of smart
ceramics for sensing and energy harvesting applications. Promising initial characterization is
shown in this chapter. The design and modeling performed and discussed in this chapter is based
on material properties and does not consider the influence of the fabrication process in the final
properties of the fabricated ceramics.
The aim for the research efforts in energy harvesting were performed with the intent of
optimize and maximize the electrical power output by the ferroelectric material system using the
lowest amount of material possible.
5.2 METHODS
5.2.1 SPECIMEN
PZT specimens were fabricated using paste extrusion additive manufacturing. Although
this technique does not provide great resolution, it was selected because of the high-density objects
that can be obtained through this manufacturing method. A mixture of PZT and a polyvinyl alcohol
solution were first prepared to be used during the fabrication process. The prepared mixture was
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deposited using a Lulzbot 3D printer modified to extrude high viscosity materials using a
pressurized air system.
Two different geometries were fabricated through this method. First, a “flat” specimen with
dimensions of 20 x 20 x 3 mm was printed. The second geometry was composed of a flat plate of
the same area with a thickness of 2.5 mm and five fins sitting on top of the plate with a width of 1
mm, and a thickness of 0.5 mm. The finned geometry was introduced with the intent of increase
heat energy dissipation from the system through this enhanced geometry. Both geometries are
shown in figure 5.1. The flat geometry was fabricated to be used as reference for the densities that
could be obtained by this fabrication process, as well as to be used as a baseline for the performance
of the geometrically optimized specimen.
The specimens were sintered at a temperature of 1200 ℃ for 6 hours to promote
densification and eliminate residual polymer in them. Both specimens were covered in PZT
powder during the sintering process to inhibit lead depletion due to high temperatures. Both
geometries were coated on their larger faces with silver paint to complete the energy harvesting
device. Poling was performed by applying a direct-current electrical field of 1 kV/mm at a
temperature of 80 ℃ for two hours.

Figure 5.1. 3D model of geometries additively manufactured for energy harvesting studies.
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5.2.2 CHARACTERIZATION
The pyroelectric energy harvesting capabilities of both geometries was then characterized.
A similar approach to that discussed in previous chapters was utilized. A thermoelectric cooler
was used to introduce thermal excitations to both geometries. The power generated due to the
pyroelectric effect was characterized using a picoammeter, and a series of varying electrical
resistances in an effort to obtain the ideal electrical loads needed to achieve optimal power output
from the system. A schematic of the testing setup is shown in figure 5.2.

Figure 5.2. Representation of circuit used for all harvested power characterization.
5.3 RESULTS AND DISCUSSION
The specimens were successfully fabricated, as shown in figure 5.3. A density of 5.95
g/cm3 was obtained after fabrication and sintering. This corresponds to 78.3% of the theoretical
density of PZT. A shrinkage of around 22% in each direction was observed after the sintering
process was performed. After these density measurements were performed, energy harvesting
capabilities was characterized.
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Figure 5.3. Specimens after fabrication and post-processing used to perform all characterization.

The energy harvesting capabilities were characterized using a series of varying electrical
resistances. The results obtained for both geometries are shown in figure 5.4. Since both
geometries exhibited different volumes, this measurement was used to normalize the results of
both specimens. Utilizing such normalizing procedure is useful as this not accounts for both the
power generated by the harvester, as well as by the amount of material used. From figure 5.4 we
can see that both specimens exhibited great energy harvesting performance, with an increasing
trend in power as higher electrical loads were applied. While the finned specimen initially
outperformed the flat sample, this behavior changed at higher electrical loads. Although both
geometries appear to exhibit a plateau in their power trend towards the end of the test, this could
not be confirmed due to limitations in the measuring equipment. The peak power output observed
during these characterization efforts is shown in table 5.1.
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Figure 5.4. Output power density of both specimens at different loading levels.
Table 5.1. Summary of obtained peak power density for both geometries.
Specimen

Power Density (μW/cm3)

3D Printed Flat PZT

3.643

3D Printed Finned PZT

3.034

From results in table 5.1, it can be seen that the specimen without a geometry to improve
its thermal energy dissipation outperformed the finned specimen, this must be further studied.
Several factors might contribute to such behavior that contradicts the expected results. Replicates
of this experiment, as well as other geometries must be explored. As such, other geometries that
could be fabricated using paste extrusion were simulated using computational tools to assess their
potential use as energy harvesters. Some of the results from these simulations are shown in figure
5.5. The fabrication of the specimens based on these simulated results could not be fabricated due
to external factors beyond the control of the author.
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Figure 5.5. Optimized modeled geometries to achieve thermal energy dissipation.
5.4 CONCLUSION
It was demonstrated that additive manufactured ferroelectric ceramics can be used for
pyroelectric energy harvesting applications. Although it was not shown that the use of higher
surface area geometries improves energy harvesting capabilities, further studies to validate of
refute such hypothesis must be performed. Additionally, impact of the fabrication process of
different techniques on the energy harvesting performance must also be assessed.
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CHAPTER 6. CONCLUDING REMARKS AND FUTURE DIRECTIONS
6.1 SUMMARY OF PRESENTED WORK
We have discussed the importance of developing material systems to optimize current and
future energy conversion systems. The use of the piezoelectric and pyroelectric effect in
ferroelectric materials as a method to harvest energy from energy conversion systems was
explored. It has been demonstrated that energy harvesting can be performed at elevated
temperatures using ceramics with a high curie temperature. From this study, it was found that the
pyroelectric coefficient is greatly influenced by the temperature at which the material is tested,
displaying an increasing trend as higher temperatures are introduced. In contrast, the efficiency of
energy conversion through this harvester is decreased at higher temperatures. This phenomenon is
believed to be due to an overall lower efficiency due to change in specific heat properties of the
crystal at high temperatures, as well as a relatively constant polarization level of the crystal at the
temperature at which these tests were performed. Additionally, the range of the electrical load at
which energy harvesting efforts were performed will greatly influence the observed energy
harvesting capabilities of the material system.
Additionally, I have shown that a single harvester can be used to generate power from
multiple simultaneous inputs. A ferroelectric ceramic was subject to simultaneous mechanical and
thermal stimulations and was demonstrated to generate electrical power under multiple different
excitations. It was found that introduction of higher temperature environments to mechanically
excited specimens increased their power output. This is believed to be due to an overall higher
energy state in the system. Also, it was found that the energy harvesting effort in which both
thermal and mechanical cycling excitations was applied generated less electrical energy than that
in which only thermal excitations of the same magnitude were applied. It is hypothesized that this
is due to a cancelling effect between the two signals at the crystal level of the material. Both
pyroelectric and piezoelectric effect are generated partially through the same phenomena, and
therefore it is highly likely that these signals would cancel inside the harvester before being able
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to recover that generated electricity. This demonstrated that a single harvester can be used to
harvest energy in a system where multiple excitations are present. However, frequency matching
of the applied loads should be considered to achieve optimal energy harvesting conditions.
Furthermore, it was demonstrated that ferroelectric ceramics can be reliably fabricated
using additive manufacturing. Barium titanate was successfully fabricated using binder jetting
additive manufacturing technology. Dielectric and piezoelectric properties of this ferroelectric
ceramic were characterized. It was found that the observed intensity of both of these properties are
directly related to the testing orientation. The piezoelectric property of this ceramic was influenced
by the orientation of the testing as this property is directly related to the mechanical compliance of
the material. Similarly, the dielectric property of the ferroelectric ceramic was also influenced due
to an equivalent capacitor artifact forming in the system as a result of the high porosity of the
material. In summary, it was found that both dielectric and piezoelectric effects are observed to be
higher when the material is electroded and tested in an orientation perpendicular to the printing
layers of the fabrication process. Additionally, mechanical properties of this ferroelectric ceramic
were found to be dependent on the saturation level in the material. This saturation level was
observed to influence both green body, as well as sintered density though inhibition or promotion
of sintering due to interparticle proximity during the high temperature process.
Finally, it was demonstrated that energy harvesting can be performed with ferroelectric
ceramics that were fabricated using additive manufacturing. Promising energy harvesting results
were observed for ceramics fabricated using paste extrusion. A clear correlation between the
energy harvesting capabilities of the fabricates structures and their geometry is yet to be
determined. This should be further explored in the future, as this will greatly enhance the specific
energy harvesting capabilities of numerous material systems. Other geometries with potentially
better energy harvesting capabilities were simulated and should be fabricated in the future.
Furthermore, higher electrical testing capabilities must be obtained to fully characterize such
material systems.
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6.2 RECOMMENDATIONS FOR FUTURE PROJECTS
6.2.1 MATERIAL PROPERTIES CONTROL THROUGH GEOMETRY
The additive manufacturing of functional ceramics was explored in this study. However,
only simple geometries that could be manufactured through traditional techniques were fabricated.
Additive manufacturing must be leveraged to achieve higher functionality levels and control over
the properties of different material systems. Below I discuss some potential projects to be explored
in which complex geometries and functional material could be coupled.
6.2.1.1 SIGNAL DECOUPLING
One common drawback to using ferroelectric ceramics for sensing applications is their
cross-sensitivity. Materials that exhibit pyroelectric properties will inevitably also exhibit
piezoelectric properties. This becomes a challenge when trying to use such material in a dynamic
environment where multiple mechanical vibrations and thermal excitations may be inputted to the
same material and a reliable sensing signal is required. Therefore, it is of great interest to develop
a mechanism through which only one of these signals is isolated so that only this excitation will
contribute to the signal outputted by the material.
This could be achieved by cancelling the piezoelectric effect or the pyroelectric effect
through different geometries. The control of the piezoelectric effect has been successfully done in
the past (Cui et al. 2019; Z. Chen et al. 2016). By achieving such cancelation of the piezoelectric
effect in the structure, the only signal outputted by the material system would be generated from
thermal excitations. This would create a highly accurate temperature sensing solution for energy
conversion systems where multiple signals are concurrently present. Some preliminary simulations
onto such tuning were performed during my PhD studies, however further research must be
dedicated to fully understand and tune this material system. An example of one of the structures
simulated during these efforts is shown in figure 6.1, while some of the preliminary results are
shown in table 6.1.
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From these preliminary results it can be seen that the use of complex metamaterial
geometries can contribute to mitigate the piezoelectric response in a transverse orientation.
Therefore, material systems subject to both transverse-mechanical loads and thermal excitations
would only output electricity due to the pyroelectric effect. This shows that a metamaterial
approach should be further explored to assess the possibility of using such geometries to achieve
decoupling of a multi-excitation response.

Figure 6.1. Piezoelectric-pyroelectric decoupling simulation.
Another application for the use of geometries to tune the response of material systems that
exhibit piezoelectric property are hydrophones. The effectiveness of such systems is usually
characterized by the hydrostatic piezoelectric coefficient of the material. Which is the sum of all
piezoelectric effects due to a hydrostatic load. If the transverse piezoelectric effect in a ferroelectric
structure is canceled through geometry, the hydrostatic piezoelectric coupling would be greatly
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enhanced. Furthermore, other geometrical approaches could be used to control the density of the
material as a function of the distance from the medium. By implementing a gradient of properties
throughout the structure, a better acoustic matching between the medium and the hydrophone
could be achieved. Achieving such matching would increase the efficiency of energy transfer and
therefore make the hydrophone more reliable and cheaper.
Table 6.1. Summary of preliminary results from decoupling.
Geometry

Cube

Metamaterial

Load Case

Loads Applied

Voltage Output

Thermal

ΔT=30 ℃

-238.1 V

Thermal + Axial

ΔT=30 ℃

Mechanical

F3=1511.6 N

Thermal + Transverse

ΔT=30 ℃

Mechanical

F1=1511.6 N

Thermal

ΔT=30 ℃

Thermal + Axial

ΔT=30 ℃

Mechanical

F3=32.99 N

Thermal + Transverse

ΔT=30 ℃

Mechanical

F1=32.99 N

-1801.8 V

+424.7 V
-775.3 V
-1623.7 V

-738.4 V

6.2.1.2 DESIGNED MATERIAL-GEOMETRY RESPONSES
Engineered material systems have existed for many years. First through thermal treatments,
then by alloying and more recently with composite materials. Research to develop materials that
are specifically designed for different applications and serve specific purposes has been done for
decades. Additionally, the design and development of metamaterial structures to achieve an even
higher level of functionality has been a hot topic recently. However, there still are many research
opportunities in this area. Coupling said material systems with the geometrical capabilities enabled
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by additive manufacturing has the potential to develop true smart materials and structures. As an
example, 3D printing a metamaterial structure known to have a very stiff mechanical behavior
using a material that is highly compliant and tough mechanically could lead to a material system
that can withstand very high loads without exhibiting material failure. A material system with these
properties could have applications in many industries where lightweight mechanical shielding is
required to protect equipment or operators.
6.2.2 ENERGY HARVESTING USING FERROELECTRIC CERAMICS FOR
TARGETTED APPLICATIONS
As shown in this dissertation, the power generated from ferroelectric ceramics due to the
piezoelectric of pyroelectric effect is not very high. This does not mean that it is not usable. Energy
harvested through this technique is usually used to power small wireless electronics by storing the
electricity generated in capacitors and batteries. However, this energy could also be directly used
to initiate, stimulate, or propagate a reaction or a secondary system. I will discuss below two
potential future research endeavors based on this principle.
6.2.2.1 SELF-HEALING STRUCTURES
Self-healing polymers have been explored in the past for different applications. These
materials commonly use thermal energy to achieve healing and re-crosslinking of their structure
as a result of viscosity changes. However, electric field assisted self-healing of polymers has also
been explored recently (Parab et al. 2019). The electric field used to achieve this in the past was
applied through an external source. The use of a ferroelectric material inside of such material
system could act as the electric field source from vibrations applied to the system. In such case,
the structure could exhibit self-healing properties that are internally triggered based on
environmental conditions. This would create an autonomous, self-sensing, self-healing, smart
structure.
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6.2.2.2 FERROELECTRIC TRIGGERED REACTIONS
There are many electrochemical reactions that require very small amounts of electrical
power to start. Small voltages have been used in the past to kill bacteria and clean water.
Additionally, ferroelectric materials have been used in the past to clean water by introducing a
stimulus and splitting water as a result of electrostatic charging in the surface of the ferroelectric
particles (Mushtaq et al. 2018; Feng et al. 2017; Wang et al. 2019). Using the same principle, the
piezoelectric or pyroelectric effect of ferroelectric materials could be used to power many other
electrochemical reactions, such as water treatment, electrochemical alcohol generation,
electrochemical sensing, energy storage, and so on. Finally, coupling the use of complex
geometries with these tailored material systems could yield extremely useful and efficient
structures.
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